We used high-resolution quantitative surface analysis to evaluate the surfaces of two aluminum automotive closure panel alloys, which were bent to a 180 deg angle in a simulated hemming test. Maps of the displacements normal to the sheet were superimposed on the topographies to correlate the location of the maximum displacements and the surface morphology. While the alloys had similar mechanical properties, quantitative analyses yielded considerable differences in the deformed surface morphologies. One alloy had a greater density and broader size distribution of constituent particles, which increased the likelihood for particle decohesion. This resulted in large surface displacements that were uncorrelated with the underlying microstructure. While no splitting was observed in either alloy, large uncorrelated surface displacements could indicate the presence of short surface cracks.
Introduction
Closure panels (e.g., hoods, deck lids, lift gates, side doors, and roof panels) are good examples of where the difference in mechanical performance between traditional steel and aluminum sheet is of particular concern. These components are generally comprised of an inner panel (for structural integrity), smaller reinforcement pieces (to provide rigid attachment to the body), and an outer panel (to provide an attractive appearance). The aluminum alloys used for outer panels have been designed to meet specific performance criteria including strength, stiffness, dent resistance, and corrosion resistance. Considering that these components are mostly on the outside of the vehicle, the need for "class-A" surface quality imposes an additional constraint on the overall performance. In this context, a "class-A" surface denotes a freeform surface of high efficiency and quality that has ideal aesthetical reflection quality [1] . Hence, any observable imperfection on the external surface, such as orange peel (surface roughness) or a crack is unacceptable.
Although a variety of joining methods are used during the final assembly of a closure panel, hemming around the periphery is the primary practice used to join the inner and outer panels. As illustrated in Fig. 1 , a typical automotive hem joint involves folding the edge of the outer panel over the flange of the inner panel. The highest quality hem joints require that the outside of metal (OSM) radius be as sharp (small) as possible, i.e., <1.5 mm.
The literature indicates that the surface roughness resulting from the excessive local strains generated by the bending is a key component in the overall hemming performance. However, the large statistical scatter inherent to surface roughness measurements makes development of predictive models extremely difficult. To date, the industry has not developed an objective measure of surface quality to establish an acceptable level of orange peel [2] [3] [4] . Instead, surface quality is a subjective assessment performed by individual quality inspectors. While several bending tests [5] [6] [7] [8] have been proposed to evaluate the bendability of aluminum sheet alloys, most simply rank the severity of the roughness along the bend apex by comparing with standard images. Basing the level of the roughness on a physical measurement would improve the consistency and reduce the subjective nature of a surface quality assessment [9] .
A quantitative surface mapping technique that integrates highresolution topographical imaging and rigorous matrix-based statistical analysis methods was developed to assess how plastic deformation and microstructure evolution influence surface roughening and strain localization. A key component of the approach extended the peak-to-valley surface roughness parameter (Rt) to a (two-dimensional) matrix form. The rationale for this was: (1) the magnitudes of the largest local surface displacements (normal to the sheet) increase with strain until they reach a value that directly reflects the onset of critical strain localization, (2) the Rt parameter is highly sensitive to those localized changes and it is acquired through a straightforward calculation, and (3) the Rt parameter is based on a simple difference of two values, so it can be easily determined between any two nodes within a particular region in a finite element simulation, allowing for direct integration of changes in the intensity of the local surface conditions into formability models. This approach generates local intensity maps consisting of discretized arrays of Rt "cells" that accentuate the magnitudes of the height disparities between topographical features, thus enabling a direct three-dimensional quantification of the microstructural conditions that promote critical strain localization. Considering that this technique was originally designed for data acquired from aluminum sheet that was deformed during in-plane stretching [10] [11] [12] [13] , the first objective of the current study is to evaluate whether the Rt-map technique is applicable to the out of plane deformation that occurs during bending. A second objective is to ascertain whether quantification of the surface morphologies produced during hemming can provide insight as to how critical strain localization develops at the apex of the hem and whether such a measurement could improve the reliability of a surface quality assessment.
Age hardenable alloys, such as those in the AA6xxx series, are commonly used for outer panels because, after assembly, the closure panel is typically painted and subjected to a bake process where precipitation hardening increases the strength and dent resistance. The flexible chemistries and thermomechanical properties in this class of alloys enable optimization of the properties for a specific need (e.g., bake hardenability and bending ductility) [14, 15] . It is well known that the room temperature ductility of aluminum alloys is lower than that of steel, and the severe strains generated during hemming promote localized deformation that can initiate splitting at the OSM surface of the hem [5, 16] . Depending on the geometry, sheet thickness, and other factors, the total accumulated plastic strain near the tensile and compressive sides in the bend region of a hem joint can surpass 60%. When strain localization does occur, the outer surface often has a frosted character that is commonly referred to as "orange peel." As the deformation intensifies, bands of intense shear produced by the bending frequently promote microscale cracks that coalesce and propagate resulting in fracture along the apex of the hem. While there is considerable literature available on the performance of AA6xxx series alloys in bending [3, 5, [17] [18] [19] , detailed studies of the relationship between the evolved surface deformation and bending performance are not as numerous.
The morphology of a deformed surface is influenced by several factors such as the primary strengthening mechanism [20] [21] [22] , the manner in which the deformation occurs (e.g., uniaxial, bending) [19, 23, 24] , the size and distribution of second-phase particles [25] [26] [27] [28] [29] , the grain size [30, 31] and the crystallographic texture [25, [32] [33] [34] [35] [36] . Because of the large variability associated with these influences, studying the relationship between a deformed polycrystalline surface and plastic strain is a considerable challenge. However, previous results demonstrate that scrupulous analysis of the manner in which a deformation-induced surface morphology evolves can provide valuable information regarding the general nature of the plastic flow, the nucleation and development of strain localization, and the processes that promote crack initiation and failure in a particular alloy. This paper presents a strain localization analysis performed on two similar AA6xxx alloys that are currently under consideration for use as automotive outer closure panels. One alloy demonstrates a higher overall strength after the paint-bake cycle, but it has a slightly higher propensity for splitting during hemming. The other alloy is less susceptible to hem splitting, but it demonstrates a lower overall strength after the paint-bake cycle.
Experimental
2.1 Material. The two alloys included in this evaluation were developed primarily for use in automotive closure panel applications and are based on an AA6xxx series (Al-Mg-Si-based) composition. 2 It has been noted in the literature that Cu is added to 6xxx series alloys to increase the kinetics of the precipitation reactions that occur during the paint bake cycle (i.e., the artificial aging heat treatment) [37, 38] . The compositions for the two alloys are presented in Table 1 . The first alloy, designated as IBR (improved bake response), was AA6451. The second, designated as IH (improved hemming), was an experimental alloy. Since the Cu content of both alloys was in between the ranges reported for AA6022 (0.01%-0.11%) and AA6111 (0.50%-0.90%), and the magnesium and silicon contents were also in the compositional ranges for AA6022 and AA6111, the behaviors of the strengthening precipitate phases were assumed to approximate those reported for the AA6022 and the AA6111 alloys [39] [40] [41] . The Mg/Si ratios for the two alloys were nearly identical. Both the IBR and IH alloys were received and evaluated in the same proprietary T4PD heat treatment. In general, a T4 heat treatment designates a solution heat-treated condition that has undergone some degree of natural aging to enhance the stability of the mechanical properties [42] . The sheet stock was stored in a freezer to avoid additional natural aging [43] and a potential variation in the properties. Samples from each alloy were cut from sheet stock, mounted, and polished for analysis.
Mechanical Property Measurements.
Flat sheet "dog bone" specimens were cut from 1 mm thick sheet stock according to the guidelines established in ASTM E-08 [44] . The specimens were cut with the tensile axis in both the parallel (rolling direction (RD)) and the transverse (tensile direction (TD)) orientations to the rolling direction to establish the anisotropy in the sheet. The specimens were pulled in tension at a 0.02 mm/s crosshead displacement rate in a computer-controlled universal tensile machine. After failure, the ductility of each specimen was determined with five measurements of the fracture surface area. These measurements were performed with a measuring microscope that had a resolution of 65 lm.
Microhardness measurements were performed to quantify the difference in the hardness between the two alloys after the application of a 10% prestrain. For these measurements, specimens of each alloy and strain condition were mounted in epoxy in the RD plane and polished to a 0.25 lm diamond finish. Each hardness measurement consisted of ten randomly spaced indentations using a diamond micro-Vickers indenter, a 100 g load, and a 10 s dwell time under peak load.
A three-point bend test method was developed at General Motors to evaluate and categorize the hemming performance of automotive aluminum alloys [6] . Although the deformation paths during the die flanging, pre-hemming, and final hemming steps of a production sequence are quite different, this simple three-point bend test sufficiently represents the material behavior during an actual hemming operation. The test fixture is presented in Fig. 2 . The rollers were machined from hardened steel, lubricated with graphite powder, and freely rotated during the test to reduce friction effects. The fixture was mounted in a small servohydraulic press. During the test, a load cell attached to the punch measured the applied load, and the displacement was acquired from the crosshead movement. Certain commercial equipment, instruments, software, or materials are identified in this paper to foster understanding. Such identification does not imply recommendation or endorsement by the National Institute of Standards and Technology, nor does it imply that the materials or equipment identified are necessarily the best available for the purpose.
A set of 30 mm Â 50 mm test coupons was sheared from IBR and IH sheet stock for evaluation. The RD of the sheet was perpendicular to the long dimension of the specimen. As such, the bend apex was parallel to the RD, thereby accentuating the influence of the grain boundaries during the test. The performance of these alloys was assessed in two conditions: The as received (i.e., 0% prestrain), and after the application of a 10% uniaxial tensile prestrain parallel to the sheet RD. Previous studies indicate that a 10% prestrain is an approximate upper bound of the amount of deformation in the material prior to an actual hemming operation [17] . To create the samples with a 10% prestrain, 30 mm Â 300 mm strips were sheared from sheet stock and then pulled in tension until a nominal plastic strain level of 10% was indicated with a 50 mm extensometer. Four prestrained 50 mm samples were then cut from the center region of each strained strip. Prior to testing, the surfaces of the 30 mm Â 50 mm test coupons were polished to a 1 lm diamond finish to facilitate post-test surface analysis.
The bend test procedure consisted of mounting a test coupon between two rollers ( Fig. 2(a) ) and slowly pushing it through the rollers with a customized punch (exhibited schematically in Fig. 2(c) ) to the point where the sample completely wrapped around the punch, and conformed to the punch radius ( Fig. 2(b) ). While the punch radius and the parallelism of the punch sides can influence the outcome of the simulated hem tests, the critical parameter in the test setup is the width of the roller gap because it determines how well the sample will wrap around the punch. If the gap is too narrow, there is not enough clearance to push the sample all the way through the rollers to create the requisite 180 deg bend angle and the resulting deformation state would not be representative of the hemming process. If the gap is too wide, the sample may not completely wrap around the punch bottom, which invalidates the test. The ideal roller gap, D, is defined as: D ¼ 2r þ 2t, where r is the punch radius, and t is the thickness of the sheet. The gap selected for this evaluation was 3.30 mm. The radius of the punch used for these experiments was 0.6 mm.
Surface Roughness Measurements.
A minimum of three scanning laser confocal microscope (SLCM) images was acquired for each surface measurement. All images were taken in the center region of the bend apex. The images were well separated to ensure that the images captured a representative sample of the surface characteristics, and that the surface data contained in each image was statistically independent (i.e., no overlap). All of the SLCM images were acquired with a 635 nm red laser source and a 20Â objective. The distance between sampling points in the (x, y) plane was 0.782 lm/point, and the spacing between the individual focal planes in the z direction was nominally 250 nm. The SLCM stores the images as raw depth maps, which were converted into simple numerical matrices containing the x, y, and z values of the physical surface [45] . Each image matrix was trimmed to a 512-row Â 512-column square array that corresponded to a (400 Â 400) lm area of the surface.
The extreme bend in these samples presented a considerable challenge to the analysis of the surface data. While the position of the SLCM image could be adjusted to capture the surface features in the narrow flat region at the apex, some of the image data, particularly at the outer edges, contained a sizable offset produced by the sharp curvature away from the apex. 3 To correct for the curvature, the data from these specimens were flattened by constructing a Euclidean distance matrix [46] , which divided the 512-row Â 512-column image matrix into small (2 Â 2) submatrices, or "cells." This produced a differential matrix consisting of 65,536 total elements (i.e., 256 cells Â 256 cells). As described previously, this approach enables the construction of maps showing the change in the local peak to valley distance, Rt [10] . The maximum difference in the surface height for any given cell, Rt (i,j) , was calculated for the set of four height values contained within that cell. Thus, each Rt (i,j) value is the absolute value of the maximum displacement normal to the mean plane at the matrix coordinates of that cell. This construction is equivalent to plotting the maximum measured vertical slope as a function of position on the surface. These calculations produced two essential results: First, the matrix format preserved the spatial coordinates for each Rt cell by construction. Second, construction of the distance matrices evaluated the surface data on a highly localized level (i.e., each Rt cell represented 0.610 lm 2 in the original image), thereby eliminating any offsets in the surface data. In addition, the Rt map and the Based on the range observed in the topographic data, the specimen curvature produced an offset where the edges of the 400 lm wide image were approximately 20 lm lower in the z-plane than the apex region.
original image matrix are congruent, so the two data sets can be superimposed. Analysis of the overlaid data sets then directly links any surface feature(s) to the corresponding change in magnitude of the local surface height [13] .
Results
3.1 Metallography. The as-polished microstructures in the rolling plane are presented for the two alloys in Fig. 3 . Both alloys exhibit dispersions of two microconstituent phases. Wavelength dispersion spectroscopy (WDS) was used to assess the general composition of the microconstituent particles in both alloys. The analysis was based on three (300 Â 300) lm scans using a 20 keV probe. The results indicated that the large gray particles were Ferich (%0.22% by mass fraction) and contained both Si (%0.09% by mass fraction), and Mn (%0.04% by mass fraction). The black particles were too small to be assayed accurately with this technique but the results indicated that they were rich in Mg and Si and were in an approximate 2:1 Mg-Si ratio. Based on these results, the literature indicates that these particles are most likely Fe 3 SiAl 12 (gray) and Mg 2 Si (black) in both alloys [47] [48] [49] .
Some differences between the two as-polished microstructures were observed, the most prominent being in the size distributions of the microconstituent particles. The results of a particle analysis conducted on the two (276 Â 219) lm areas in Fig. 3 with ImageJ [50] revealed that in a (0.2-8.0) lm 2 size range, there were 425 total particles for the IH alloy and 723 particles for the IBR. The results also revealed that the particle distribution in the IBR was substantially broader than the IH. The (0.2-3.0) lm 2 segment of the analysis is presented as grains in both alloys exhibit a relatively equiaxed morphology in all three planes and the grain size ranged between approximately 30 lm and 80 lm for both alloys, which is consistent with a solution heat-treated, commercial aluminum alloy in a naturally aged (T4) condition [47, 51] .
Mechanical Properties.
The results of the baseline mechanical properties assessment are presented in Fig. 7 and in Table 2 . The IBR alloy exhibited a slightly higher ultimate tensile strength (UTS) than the IH alloy and the IBR exhibited slightly lower strain to failure (STF) than the IH alloy. While some directional anisotropy is present in both of these alloys, the overall mechanical properties of the IBR and IH alloys were relatively similar. The mechanical data also revealed that the IBR alloy exhibited a higher work hardening rate than the IH alloy, which could significantly affect the bending behavior.
The microhardness experiments revealed that in the 0% prestrain condition, the hardness of the IBR alloy (78 6 2) HV 0.1 was slightly higher than the IH alloy (70 6 2) HV 0.1. The difference between the two alloys was somewhat greater after the application of the 10% prestrain. In this condition, the hardness of the IBR alloy was (101 6 1) HV 0.1 as compared to (91 6 5) HV 0.1 for the IH alloy. The application of the 10% prestrain increased the mean hardness in both alloys by 29% for the IBR alloy and 30% for the IH alloy (with respect to the hardness at 0%). The most noticeable difference in the hardness data was the scatter in the IH alloy data with the 10% prestrain, which was roughly twice that observed with 0% prestrain. The white patches present in some of these micrographs denote surface heights that were outside the range established prior to image acquisition. The surface morphologies are exhibited for the two alloy compositions with 0% prestrain (in Figs. 8(a) and 8(b) ) and for each alloy after the application of the 10% prestrain (in Figs. 8(c) and 8(d) ). All of the images exhibit the type of deformation that is indicative of bending: severe localized deformation extending outward from the centerline. The intensity of the localized deformation is significantly greater for the 10% prestrain condition (Figs. 8(c) and 8(d) ).
Strain Localization Analysis.
Quantification of the relationship between surface roughness and strain localization was based on the Rt maps. The high level of sensitivity to changes in surface height make the Rt parameter an appropriate tool to characterize and quantify the surface conditions that promote critical strain localization [23] . The limitation of this technique is that Rt is an absolute value and construction of Rt maps nullifies the generally used surface roughness analysis sign convention (i.e., the values above the mean plane are positive and those below are negative). However, this can still be determined with the original image.
An example showing the Rt matrix construction and the relationship of this matrix to the original deformed surface is presented in Fig. 9 . Note that the deformed surface, Fig. 9(a) , is the same image exhibited in Fig. 8(c) . Figure 9(b) is the Rt map constructed from the surface data in Fig. 9(a) . This figure was generated by mapping the range of Rt magnitudes into a standard 8-bit color scale, where blue is low and red is high, so that the color of an individual cell directly indicates the magnitude of Rt.
The Rt data are positive-definite so they have a one-tailed distribution that can be described by many distribution functions [52] . A previous study showed that the Rt data are well characterized with a Weibull distribution [12] , which is commonly expressed in terms of a cumulative distribution function (CDF) [53] , Fig. 6 The microstructure of the IH alloy (modified Keller's etch) is presented as an isometric perspective view of the three sheet orientations (i.e., rolling plane, long transverse, and short transverse) Fig. 7 The mechanical behavior in uniaxial tension is presented for the IBR and IH alloys. RD denotes the tensile direction is parallel to the rolling direction and TD denotes the tensile direction is perpendicular to the rolling direction. In this equation, x ! 0 and f CDF (x, a, b) ¼ 0 for x < 0. The two parameters, a scale parameter (a), and a shape parameter (b), must be real, and >0). Thus, for any given strain level, the CDF is the probability, P, of the occurrence of an Rt magnitude that is less than or equal to a given Rt (i.e., f CDF Rt given À Á ¼ P Rt Rt given À Á ). In addition, the CDF is bounded by the following conditions: f CDF (0) ¼ 0, and f CDF (1) ¼ 1.
Statistically rare events (i.e., those in the tail of the Rt distribution) are particularly relevant to this analysis because the greatest magnitudes in the Rt distribution indicate the highest probabilities that the surface conditions will promote strain localization [11] . The tail was defined as the segment of the Rt distribution where the Rt magnitudes have a probability !0.95 as determined by the CDF constructed from the data set with the greatest Rt range and Eq. (1). In this case, the 0.95 probability threshold value corresponded to an Rt value of 5.0 lm. Figure 9 (c) shows the number of Rt values that remained after the values <5.0 lm were removed from Fig. 9(b) . Filtering the lower magnitude values from the Rt map identifies the greatest Rt values in the distribution and superimposing that map on the original surface directly reveals the relationship between those Rt values and the surface morphology. Figure 9(d) is the composite image that was produced by overlaying the filtered Rt map (Fig. 9(c) ) onto Fig. 9(a) . The color bar below the figures shows the correlation between a standard 8-bit color scale and the remaining 5% of the Rt values.
The Rt map overlays are presented for the two alloys in Fig. 10 . The 0% prestrain condition is illustrated for the IBR and IH alloys in Figs. 10(a) and 10(b) , respectively. Similarly, the overlays for the 10% prestrain condition are exhibited in Figs. 10(c) and 10(d) , respectively. The magnitudes of the Rt values for the IBR-0 ( Fig.   9(a) ) are significantly smaller than those exhibited for the IH-0 (Fig. 10(b) ). That is, most of the values were below the threshold and were removed by the filter. Even though they were greater in magnitude, the Rt values for the IH-0 condition (Fig. 10(b) ) were more closely aligned with the surface features than those observed in the IBR-0 condition ( Fig. 10(a) ). In contrast, the Rt values in Fig. 10(a) tended to concentrate into bands that suggest a possible onset of strain localization in that region. Note that while the magnitudes of the Rt values exhibited in Fig. 10(a) are in the 5 lm range, each value in this figure belongs to the uppermost 5% of the Rt distribution (i.e., the segment that is most likely to produce a localization event).
The overlays of the surfaces with the 10% prestrain are more meaningful as this condition is indicative of the material condition in an actual hemming operation. The relative change in the intensities of the surface characters is the most apparent difference between the surfaces in the 0% and the 10% prestrain conditions. The differences between the IH-0 and the IH-10 surfaces (Figs. 10(b) and 10(d)) are relatively small in comparison to those exhibited between the IBR-0 and IBR-10 conditions (Figs. 10(a) and  10(c) ). That is, the roughness and the corresponding Rt values exhibited for the IBR-10 condition are substantially different from what was observed in the IBR-0 condition. The range of the Rt magnitudes in the IBR-10 condition is similar to those observed in the IH alloy in both prestrain conditions. Moreover, the density of red cells in the IBR material (i.e., those in the uppermost 1% of the distribution) is higher than in the IH alloy and they are much more concentrated. Considering the relatively similar behaviors of the two alloys in Fig. 7 , the behaviors exhibited in Fig. 10 suggest that the IBR alloy is more sensitive to the influence of strain path than the IH alloy, thereby making it less suitable for hemming operations.
As noted earlier, Fig. 10 presented representative images of the surface morphologies at the maximum bend angle (180 deg). This raises a question as to how consistent the above observations were with respect to the entire surface. Since the data are already in matrix form, the character of the entire surface could be estimated by simply concatenating the data in the three individual image matrices to create "super sets" of Rt data. This step produced a single 256 Â 768 element matrix of surface data for the two alloys in the 0% and the 10% prestrain conditions. The analysis of the super sets consisted of extracting the maximum Rt value for each of the 256 columns in the matrix and then plotting those maxima as a function of position with respect to the apex of the bend. That is, the maximum of the 768 Rt values in each column was plotted against position with respect to the apex. Those results are presented as Figs. 11 and 12 . The data in these figures are consistent with the surface images in that the change in the Rt value magnitudes is substantially greater for the IBR alloy then for the IH alloy. The mean of the Rt max values for the IBR-0 condition was (8.34 6 2.4) lm as compared to a mean Rt max value of (32.4 6 2.6) lm for the IBR-10 condition. Similarly, the mean of the Rt max values for the IH-0 condition was (28.6 6 3.4) lm as compared to a mean Rt max value of (38.9 6 11.0) lm for the IH-10 condition. Even though the mean Rt max values exhibited in Figs. 11 and 12 represent rough estimates of the overall surface character, they do reveal that the Rt values for the IBR alloy increased by a factor of four, whereas the change in the Rt values for the IH alloy was statistically insignificant.
Discussion of Results
The results from this evaluation revealed that the tensile properties, the compositions, and the grain characteristics of the IH and IBR alloys were similar. Qualitatively, the SLCM analyses revealed that the surface morphologies were also similar since characteristics indicative of bending to large angles (i.e., intense slip bands in the grain interiors and surface voids) were apparent on the surfaces of both alloys. However, the quantitative analyses revealed that the surface morphologies of these two alloys were quite different. This raises the fundamental question of what produced the dissimilarity between the qualitative and quantitative results.
The most likely sources for the observed differences in surface morphology are the constituent particles and texture effects. The literature is clear in that the size and the location of constituent particles can have a considerable influence on the morphology of a deformed surface. The literature also indicates that crystallographic texture effects can exacerbate the influence of constituent particles by concentrating strain in regions where there are large differences between the local Taylor factors [25] . This discussion considers the possibility that the particle distributions may explain Fig. 9 An illustration of the technique used to construct a strain localization map using the image in Fig. 8(c). (a) is the original deformed surface, (b) is the original Rt map constructed from the surface data in (a), (c) are the remaining data after the application of a 95% threshold, and (d) is the composite image after overlaying (c) onto (a). The color bar in the figure is a standard 8-bit color scale (where blue is low and red is high) used to map the Rt data so that the color of an individual cell directly correlates with the magnitude of Rt. Fig. 11 The influence of prestrain on the overall character of the surface roughness is presented for the IBR alloy. Each data point in the figure is the maximum Rt value plotted as a function of position with respect to the apex of the bend. Fig. 12 The influence of prestrain on the overall character of the surface roughness is presented for the IH alloy. Each data point in the figure is the maximum Rt value plotted as a function of position with respect to the apex of the bend. Fig. 10 The Rt-map/deformed surface composite images constructed for the IBR and IH alloys with the overlay procedure outlined in Fig. 8 . The 0% prestrain condition is presented in (a) and (b), and for the 10% prestrain condition in (c) and (d). The dashed line again indicates the approximate location of the bend apex. the observed differences. The possible role of texture will be treated separately in another publication.
It is generally accepted that fracture in bending (hemming) occurs by the formation and propagation of bands of intense shear. Since the morphology of the deformed surface has a strong influence on the local distribution of the macroscopically applied stresses, constituent particles are also believed to influence the formation of shear bands. In addition, it is well known that the development of shear bands is directly influenced by the strain hardening character. Considering the strength of the relationship between strain hardening character and localization of deformation, it is possible that the quantitative differences were simply due to dissimilarities in strain hardening character produced by the constituent particles. However, further analysis of the data in Fig. 7 revealed that even though the applied stress at 10% strain was higher for the IBR alloy, the overall rate of change in the hardening curves was effectively the same for the two alloys up to the 10% level. This finding was supported by the changes in the microhardness data relative to the 0% prestrain values. Thus, it is unlikely that a difference in the strain hardening character was the sole source of the differences observed in the surface morphologies.
A difference in the compliance between two constituent phases (such as an intermetallic particle and the alloy matrix) increases the likelihood for crack initiation along the interface [54] . This is particularly true in bending. Since macroscopic strain is distributed uniformly in simple tension, decohesion along the constituent/particle interface can occur in the interior regions of the grains or along grain boundaries with equal probability. However, bending creates a through-thickness strain gradient that concentrates the maximum tensile stresses at the surface. For this reason, the physical location of the constituent particles with respect to the free surface has a strong influence on the localization of deformation. In bending, the presence of hard constituent particles creates a competition between two effects [55] . The first is an inhomogeneity effect where a heterogeneous microstructure alters the distribution of the applied surface stresses resulting in regions with locally intense deformation; the second is a strengthening effect where the particles act to reinforce the neighboring matrix material and ultimately suppress the development of shear bands. The location of the particles generally determines the more dominant effect. When they are below the free surface, the particles primarily enhance the strength of the bulk and have little influence on the localization of deformation. However, when they are at the surface, constituent particles promote an inhomogeneous stress distribution that significantly increases the propensity for localized deformation. The literature also indicates that bending significantly intensifies particle decohesion in the grain boundary regions [4, 43] . Depending on the particle density, decohesion that initiates at or near grain boundaries can easily promote the formation of multiple crack fronts that can coalesce (or link-up), and ultimately enable intergranular fracture [56, 57] . As such, the overall fracture toughness of alloys of this type is dependent on, (a) the density, distribution, and location of the constituent particles, (b) the resistance to localized cracking and decohesion of the matrix surrounding the particles, (c) the heterogeneity of the strain distribution that promotes the link-up of independent decohesion events, and (d) the grain size [58] .
The surface characteristics exhibited by both alloys (Fig. 8 ) are consistent with microcracking at the interface of constituent particles [3] ), and the Rt-maps in Fig. 10 revealed the key difference between the surfaces: There was at least one region on the IBR alloy surface (Fig. 10(a) ), where the change in the local magnitudes of the roughness (as indicated by the blue dots) was concentrated in a band that was noticeably larger than the grain size. Large changes in the local surface morphologies were also present in the IH alloy ( Fig. 10(b) ), but they were closely correlated with the deformed microstructure. Conversely, the band in Fig. 10(a) (which is also visible in Fig. 8(a) ) did not appear to be correlated with any apparent microstructural feature. Moreover, closer examination revealed that the general morphology of the band was consistent with that of a short (or shallow) crack.
Recalling that the morphologies in Figs. 10(a) and 10(b) were in the 0% prestrain condition, the application of a tensile prestrain undoubtedly increased the overall magnitudes of the surface displacements. More importantly, the work hardening generated by a prestrain has been shown to enhance particle decohesion, thereby intensifying the influence of the constituent particles [29] . The surfaces in Figs. 10(c) and 10(d) indicated that this is the case with these two alloys. While the 10% tensile prestrain produced changes in both alloys, the relative changes in the IH alloy ( Fig. 10(d) ) were considerably less in comparison to those in the IBR alloy (Fig.  10(c) ). In addition, the more concentrated surface displacements in the IBR alloy indicated that the IBR alloy was more sensitive to the 10% prestrain than the IH alloy, and that there was a greater overall propensity for cracking in the IBR alloy. This was confirmed by the statistical analyses (Figs. 11 and 12 ).
Since shear bands are known to initiate near second-phase particles and along grain boundaries, cross sections of the bend specimens were examined metallographically to verify whether the particles simply promoted a difference in the formation of shear bands. The cross section views of the particle distributions for the two alloys were consistent with those in Fig. 3 . The shear band initiation results were inconclusive in that no definitive shear band initiation was observed near constituent particles in any of the sections examined. This was attributed to general randomness in the sectioning process.
Considering the strength of the relationship between the character of the deformed surface and the size and the location of constituent particles in bending, it is highly likely that a significant fraction of the large surface displacements observed in both alloys were produced by decohesion along a particle/matrix interface. Neither splits nor dominant (i.e., fracture inducing) cracks were observed on any of the surfaces of either alloy. However, the presence of short (nonpropagating) cracks in the IBR alloy suggests that the higher particle density in that alloy made coalescence of decohesion events more favorable because particles of similar size were present in the IH alloy, but no cracks were observed. The factor of four changes in the magnitudes of the surface displacements exhibited by the IBR alloy suggests that the higher strain hardening exponent and higher particle density in the IBR alloy contributed to a lower overall ductility of that alloy during hemming.
Conclusions
This analysis demonstrated that the quantitative SLCM-Rt surface mapping technique, developed for flat specimens, is suitable to characterize the out of plane deformation produced by bending. The results also suggest that mapping the physical location of the surface displacements produced during bending could potentially improve the reliability of surface quality assessments.
Topographical data were acquired from the surfaces of two AA6xxx candidate aluminum automotive closure panel alloys that were deformed in a simulated hemming test. The first alloy, designated as IBR, was AA6451, and the second, designated as IH, was an experimental composition. Both alloys were evaluated in the same proprietary T4PD heat treatment. Samples of both alloys were bent to a 180 deg angle in the 0% prestrain and in the 10% tensile prestrain conditions. The 10% tensile prestrain condition emulated the physical condition of the sheet stock in an actual hemming process.
High-resolution maps of the peak-to-valley roughness (Rt) were constructed from topographic measurements performed along the apexes of the bent specimens with SLCM. The results demonstrated that application of the Rt-map technique to bending deformation was entirely appropriate: It determined the changes in the surface heights on an exceptionally local level, thus producing a high-resolution assessment of the surfaces. Furthermore, the Rt-map completely eliminated any remnant effects or offsets in the surface data by construction, thereby maximizing the accuracy of the surface assessments.
A second goal of this analysis was to ascertain whether quantification of the surface morphologies produced during hemming would provide any insight regarding the development of critical strain localization at the apex of the hem. The key element in this analysis was superimposing the Rt-maps and the topographic images, which was feasible because the Rt-maps and the topographic images were congruent. This directly correlated the locations of the maximum surface displacements with the underlying surface morphology. Analyses of those data revealed a critical difference between the surface characteristics of two alloys that would not have been discernable without the overlay mapping technique. The largest displacements on the IH alloy surfaces were closely correlated with distinct microstructural features, whereas the displacements on the IBR alloy and the grain microstructure were mostly uncorrelated. Moreover, in the 0% prestrain condition, the largest displacements on the IBR surface were concentrated into a band that was determined to be a shallow crack. As expected, the 10% prestrain increased the magnitudes of the surface displacements relative to the 0% prestrain condition in both alloys. However, the relative magnitudes of the changes in the IH alloy were considerably less than those observed in the IBR alloy. Therefore, the IBR alloy was determined to be significantly more sensitive to the influence of the 10% prestrain than the IH alloy.
The results of metallographic, tensile, microhardness, and qualitative surface analyses all indicated that the hemming performances of these two alloys were relatively similar. However, quantitative surface analyses revealed the morphologies of the deformed surfaces were strikingly different. These differences were attributed largely to the constituent particle size distributions in the two alloys. That is, the IBR alloy had a higher density and broader size distribution of constituent particles than the IH alloy. The greater number and broader distribution of particles in the 0.2 lm 2 to 3.0 lm 2 range observed in the IBR alloy appears to have increased the likelihood of decohesion events in that alloy. More importantly, the higher particle density also increased the likelihood of coalescence, or link-up, of independent decohesion events in the IBR alloy.
While splitting was not observed in either alloy, the overall differences in the character of the surface displacements observed in the IBR alloy suggest that this alloy is less likely to meet the criteria for a Class-A surface (i.e., any observable imperfection on the external surface, such as intense surface roughness or a crack, is considered unacceptable) after hemming than the IH alloy.
